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Ribonuclease (RNase) Z is involved in the maturation
of the 30 ends of transfer RNAs (tRNAs) in all three
kingdoms of life. To prevent futile cycles of CCA addi-
tion and removal, eukaryotic RNase Z discriminates
against mature tRNAs bearing a CCA motif, with the
first cytosine residue (C74) being the key antidetermi-
nant. Here, we show that, remarkably, the B. subtilis
enzyme does not discriminate against cytosine in
position 74, but rather is highly stimulated by uracil
in this location. Consistent with this observation, the
vast majority ofB. subtilis tRNA precursor substrates
ofRNaseZnaturally containU74. Those tRNAprecur-
sors with a uracil further downstream are also sub-
strates for RNase Z, but are matured in a two-step
endo/exonuclease reaction. We solved the first crys-
tal structure ofB. subtilisRNase Z bound to a tRNAThr
precursor with U74 and show that the enzyme has
a specific binding pocket for this nucleotide.
INTRODUCTION
Transfer RNA (tRNA) molecules are almost universally synthe-
sized as precursor species requiring processing at their 50 and
30 ends. The 50 processing reaction is performed by one of two
forms of ribonuclease (RNase) P (Guerrier-Takada et al., 1983;
Holzmann et al., 2008), while the 30 processing pathway depends
on whether or not the CCAmotif, found at the mature 30 end of all
tRNAs, is encoded by the tRNA gene. In cases where the CCA
motif is encoded, 30 maturation of tRNAs most often proceeds
through 30–50 exonucleolytic trimming (Li and Deutscher, 1996;
Wen et al., 2005), whereas tRNAs lacking an encoded CCAmotif
are endonucleolytically cleaved after the discriminator base
(nucleotide 73; Figure 1A) by the widely conserved RNase Z,
also known as tRNase Z, 30 tRNase, and RNase BN (Ezraty
et al., 2005; Schiffer et al., 2002). In organisms encoding CCA-
less tRNA precursors in their genomes, RNase Z is an essential
enzyme (Ceballos-Cha´vez and Vioque, 2005; Chen et al., 2005;
Ho¨lzle et al., 2008; Pellegrini et al., 2003). After cleavage of these
tRNAs by RNase Z, the CCA motif (nucleotides 74–76) is added
by an enzyme known as tRNA nucleotidyltransferase or CCA-
adding enzyme.Structure 20, 1769–1RNase Z is a member of the b-lactamase family of ribonucle-
ases. It can be found in two forms in nature, a short form
(300 amino acid [aa]), which dimerizes, and a long form, so
far only found in eukaryotes, which contains two fused b-lacta-
mase domains (>700 aa). Mutations in the long form of the
enzyme (ELAC2) have been genetically linked to prostate cancer
susceptibility in humans (Tavtigian et al., 2001). The structure of
the short form RNase Z has been solved, both as a free enzyme
and as a catalytic mutant in complex with tRNA (Ishii et al., 2005;
Kostelecky et al., 2006; Li de la Sierra-Gallay et al., 2005, 2006).
The tRNA binds primarily to one subunit and is cleaved by the
other. It is clamped in place by a flexible arm that contacts the
T-loop of the stacked T-arm and acceptor stem of the tRNA. A
signature b-lactamase histidine motif (HxHxDH) provides many
of the residues for Zn-coordination. No nucleotides beyond the
discriminator were present in the crystal structure of the first
RNase Z/tRNA complex solved. The structure therefore repre-
sents the complex between RNase Z and its tRNA product,
and the molecular explanation for how RNase Z distinguishes
between mature (CCA-containing) and immature tRNAs has re-
mained unresolved.
In eukaryotes, it has been shown that the CCAmotif acts as an
antideterminant for RNase Z activity (Mohan et al., 1999; Nashi-
moto, 1997). This makes physiological sense to prevent futile
cycles of CCA removal and addition occurring in the cell. The
activity of the B. subtilis enzyme is also significantly lower on
tRNAs possessing a cytosine residue in position 74 compared
to a uracil (Pellegrini et al., 2003), which suggested that the
bacterial enzyme was also inhibited by a CCA motif. Indeed,
there is a clear division of labor between RNase Z and the 30–50
exonucleases in the maturation of CCA-less versus CCA-
encoded tRNAs in B. subtilis; RNase Z does not mature those
precursors containing an encoded CCA (Pellegrini et al., 2003;
Wen et al., 2005). Here, we show that, in contrast to the eukary-
otic mechanism of discrimination of mature tRNAs, tRNA precur-
sors bearing adenine, guanosine, and cytosine in position 74 are
all cleaved equally poorly by B. subtilis RNase Z and that, rather,
the presence of a uracil residue just downstream of the cleavage
site is highly stimulatory for enzyme activity. There is a natural
bias among B. subtilis CCA-less tRNAs toward a U-residue in
position 74 or 75. We shed some light on the mechanism of
stimulation by solving the crystal structure of B. subtilis RNase
Z bound to a tRNAThr precursor containing a uracil residue in
position 74 and showing that the enzyme has a specific binding
pocket for this nucleotide.777, October 10, 2012 ª2012 Elsevier Ltd All rights reserved 1769
Figure 1. Uracil in Position 74 of a trnI-Thr tRNA Precursor Stimulates Cleavage by RNase Z
(A) Clover-leaf representation of the trnI-Thr tRNA precursor. The T-arm, D-arm, anticodon loop, acceptor stem, and discriminator nucleotide are indicated. The
site of RNase Z cleavage is indicated by a scissors symbol. Nucleotides not observed in the crystal structure (below) are in gray type.
(B) Assay of RNase Z activity on trnI-Thr variants with U, C, A or G residues in position 74. The precursor (pre) and cleaved species (scissors symbol) are indicated
to the right of the autoradiogram. The white triangle indicates increasing amounts of RNase Z (Z), with 0.001, 0.01, 0.1 and 1 mg added per 5 ml reaction.
(C) Histogram showing quantification of several assays similar to that shown in (B). Specific activities were first calculated at the lowest concentration of RNase Z
yielding a visible product and were then normalized to the value for the 74CAA76 tRNA precursor. Only cleavages at the correct cleavage site (nucloetide 73) were
quantified. The results are the average of at least two independent experiments with SD as shown.
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B. subtilis RNase Z Activated by Downstream UracilRESULTS
Uracil Downstream of the Cleavage Site Stimulates
B. subtilis RNase Z Activity
We had previously shown thatB. subtilisRNase Z was about two
orders ofmagnitude less active on a tRNAThr precursor, encoded
by the trnI-Thr gene, that had a cytosine residue in position 74
compared to the naturally occurring uracil (U74). The principal
effect was shown to be at the level of Vmax, rather than Km (Pel-
legrini et al., 2003). To determine whether this effect was specific
for a C-residue in position 74, we made uniformly 32P-labeled
variants of trnI-Thr precursors with adenosine (A74) or guanosine
(G74) in the first position of a 30 trailer (Figure 1A). The templates
were designed to create 10 nt trailers in each case, but the tRNA
structure acts as an efficient terminator for T7 RNA polymerase
and most transcripts terminate at a site 6 nt downstream of the
tRNA to yield a 30 trailer with the sequence 74NAAAUG79. Surpris-
ingly, all three of the precursors, called 74CAA76, 74GAA76, or
74AAA76 were far poorer (<200-fold) substrates for RNase Z
than 74UAA76 (Figures 1B and 1C) and showed evidence of
cleavage at alternative sites downstream. This suggested that,
in contrast to eukaryotic RNase Z for which C74 was shown to
be an antideterminant, the B. subtilis enzyme is instead stimu-
lated by the presence of a uracil residue downstream of the
discriminator base.
Most B. subtilis CCA-Less tRNA Precursors Naturally
Contain Downstream U-Residues
Of 26 tRNAs in the B. subtilis genome lacking an encoded CCA
motif, 20 have a uracil in position 74 (Figure 2). Thus, B. subtilis1770 Structure 20, 1769–1777, October 10, 2012 ª2012 Elsevier Ltdhas a very strong natural bias for a uracil residue immediately
downstream of CCA-less tRNAs, consistent with its role as an
activator of RNase Z activity. Five of the six remaining CCA-
less tRNAs have a nonactivating cytosine residue, C74, followed
by a uracil in position 75, while one, trnI-Asn, is followed by
a 74CAU76 sequence. We therefore wondered whether B. subtilis
RNase Z could also be activated by a uracil in position 75 or 76
and, if so, where would cleavage occur? To answer these
questions, we compared the cleavage of trnI-Thr variants with
UAA, CUA, CAU or CAA in positions 74–76. Maturation of the
74CUA76 and 74CAU76 precursors yielded tRNA products that
were predominantly the same size as that of the 74UAA76
substrate, i.e., ended at the discriminator nucleotide 73 (Fig-
ure 3A). Although these tRNA precursors were processed less
efficiently than the optimal 74UAA76 substrate, they were still
matured 40-fold and 5-fold, respectively, more efficiently than
a tRNA containing a CAA downstream sequence (Figures 3A
and 3B). These experiments suggest that stimulation of tRNA
maturation by a downstream U-residue can still occur as far
away as nucleotide 76, but that this stimulation decreases with
distance from the optimal position 74. We concluded that the
naturally occurring tRNAs precursors with uracil residues in posi-
tions 75 or 76 were also likely to be RNase Z substrates in vivo.
The 74CU75Containing trnY-PhePrecursor Is anRNaseZ
Substrate In Vivo
To directly show that a natural 74CU75 containing tRNA precursor
was a substrate for RNase Z in vivo, we examined the processing
of the trnY-Phe tRNA in strains depleted for RNase Z. We chose
this tRNA because it has a predicted transcription terminator justAll rights reserved
Figure 2. Features of CCA-less tRNAs in
B. subtilis
Sequences (4 nt) upstream and downstream of the
tRNA are shown with downstream U-residues in
red. Nucleotides of the acceptor stem are under-
lined. The consensus sequence for nucleotides
73–77 was generated by http://weblogo.berkeley.
edu/. For occurrence of U74 or 74CU75 in CCA-less
tRNAs in other organisms possessing RNase Z,
see Table S1.
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B. subtilis RNase Z Activated by Downstream Uracildownstream and is thus unlikely to also be a substrate of the 30
exonucleolytic maturation pathway (Wen et al., 2005). Strain
SSB320 has the rnz gene placed under control of the isopropyl
b-D-thio-galactoside (IPTG)-dependent Pspac promoter. In this
strain grown in the absence of IPTG, we observed a dramatic
accumulation of the trnY-Phe precursor by northern blot (Fig-
ure 3C), confirming that this 74CU75 containing tRNA precursor
is a natural substrate for RNase Z in vivo. We have previously
seen evidence of an accumulation of the 74CAU76 containing
trnI-Asn precursor in strains depleted for RNase Z (Pellegrini
et al., 2003), consistent with, it too, being a substrate of this
enzyme in vivo.
The Position of the Downstream U-Residue Is the
Primary Determinant of Cleavage Site Selection
Although cleavage of the 74CUA76 and 74CAU76 precursors
in vitro yielded the same size tRNA products as 74UAA76, it
was not clear from the experiment shown in Figure 3A whetherStructure 20, 1769–1777, October 10, 2012 ªthe products were generated in a single
endonucleolytic step. RNase Z, like
most RNases of the b-lactamase family,
has both endo and exonucleolytic activity
(Dutta and Deutscher, 2009). We there-
fore considered the possibility that the
74CUA76 and 74CAU76 precursors were
first cleaved 50 to the uracil residue in
each case, and that the remaining 1–2nucleotides were removed by 30–50 exonucleolytic trimming. To
address this issue, we ran processing reactions similar to those
shown in Figure 3A on higher resolution gels to determine the
sizes of the 30 cleavage products. The principal 30 product for
the 74UAA76 substrate was 6 nt in length (Figure 4A), demon-
strating direct endonucleolytic cleavage of this tRNA precursor
between the discriminator nucleotide 73 and the activating
residue U74. In contrast to the 74UAA76 tRNA precursor, the
major products generated from cleavage of the 74CUA76 and
74CAU76 substrates were 5 and 4 nt, respectively, suggesting
that RNase Z preferentially cleaves these precursors 50 to the
downstream U-residue in each case, although with decreasing
efficiency. As the final product on the tRNA side is the same
length in each case (Figure 3A), we conclude that the enzyme
trims back to the discriminator nucleotide in a second step for
these precursor species. Cleavage of the 74CAA76 tRNA
precursor yielded a small amount of 2 nt product, consistent
with the presence of a uracil residue 2 nt from the end of theFigure 3. Precursor tRNAs with a Uracil
Residue in Positions 74, 75, or 76 are
Substrates for RNase Z
(A) Assay of RNase Z activity on trnI-Thr variants
with UAA, CUA, CAU, or CAA residues in positions
74 to 76. The precursor (pre) and cleaved
species (scissors symbol) are indicated to the right
of the autoradiogram. The white triangle indicates
increasing amounts of RNase Z (Z) with 0.001,
0.01, 0.1, and 1 mg added per 5 ml reaction.
(B) Histogram showing quantification of at least
two assays like that shown in (A) with SD as indi-
cated. Specific activities were first calculated at
the lowest concentration of RNase Z yielding
a visible (nucleotide 73) product and were then
normalized to the value for the 74CAA76 tRNA
precursor.
(C) Northern blot of trnY-Phe tRNA in total RNA
isolated from cells containing (+IPTG) or depleted
for RNase Z (IPTG) in vivo.
2012 Elsevier Ltd All rights reserved 1771
Figure 4. Two-Step Endo/Exonucleolytic Processing of tRNA
Precursors with U-Residues Downstream of Position 74
(A) High-resolution polyacrylamide gel (20%) showing RNase Z 30 endonu-
cleolytic cleavage products for uniformly labeled trnI-Thr variants with UAA,
CUA, CAU, or CAA residues in positions 74 to 76. The white triangle indicates
increasing amounts of RNase Z (Z), with 0.01, 0.1, and 1 mg added per 5 ml
reaction. Major cleavage products are labeled according to their size. The
precursor (pre) and 50 cleavage species (scissors symbol) are indicated to the
right of the autoradiogram. A 50 labeled RNA oligo CCR21 (Table S3) was used
as a size standard, taking advantage of spontaneous radiolysis to reveal the
migration positions of shorter species. It should be noted that the migration
positions of products in the 1–3 range on 20% gels are highly sensitive to base
composition (Dorle´ans et al., 2011).
(B) Evidence that the second step is exonucleolytic. High-resolution gel
showing RNase Z 30 processing products for trnI-Thr variants with UAA, CUA,
CAU, or CAA residues in positions 74 to 76 and labeled in position 74. Enzyme
concentrations are the same as in (A). The markers to the right of the autora-
diogram consist of 50 labeled oligos CCR25 and CCR26 (Table S3) partially
digestedwith RNase J1 to yield UMP andCMP, respectively, which comigrate.
Structure
B. subtilis RNase Z Activated by Downstream Uraciltrailer sequence 74CAAAUG79. Indeed, most of the minor
cleavage products observed for the different tRNA precursors
can be rationalized in terms of weak cleavage at this second1772 Structure 20, 1769–1777, October 10, 2012 ª2012 Elsevier Ltddownstream uracil residue. A small amount of 6 nt product
was also detected for each of the suboptimal tRNA precursors
(labeled with an asterisk in Figure 4A), suggesting that some
direct cleavage can still occur, albeit inefficiently, at the canon-
ical position 73.
To directly demonstrate the second processing step for the
74CUA76 and 74CAU76 tRNAs precursors following endonucleo-
lytic cleavage 50 to the U-residues, we prepared precursors in
which only the first nucleotide (nucleotide 74) of a 6 nt trailer
was labeled. This was done by ligating different 50 32P-labeled
RNA oligonucleotides to a preprocessed tRNA ending at the
discriminator nucleotide (see Experimental Procedures). While
cleavage of the 74UAA76 tRNA precursor labeled in position 74
yielded a 6 nt endonucleolytic cleavage product, maturation
of the similarly labeled 74CUA76 and 74CAU76 substrates both
yielded primarily the mononucleotide CMP (Figure 4B). This
result supports the model that tRNAs with uracil residues down-
streamof position 74 arematured in a two-step reaction, with the
second step being catalyzed by the enzyme’s 30–50 exonuclease
activity.
Structure of RNase Z Bound to tRNAThr Precursor
We had previously solved the crystal structure of RNase Z
bound to its tRNA product. In an attempt to understand the
role of U74 in stimulating RNase Z activity, we crystalized wild-
type RNase Z bound to a tRNA precursor in which the discrimi-
nator nucleotide and trailer sequence UAA were protected by 20
O-methyl groups to inhibit cleavage. The structure was solved by
molecular replacement at 3A˚ resolution, and the refinement
statistics are given in Table 1. The asymmetric unit is a monomer
of RNase Z bound to a tRNA molecule (nucleotides 1–26 and
45–74), and the functional dimer is generated by crystallographic
symmetry. The structure is very similar to that of the previously
solved complex between RNase Z and its tRNA product (Figures
S1 and S2 available online; root-mean-square-deviation [rmsd] =
0.43 A˚ for 558 alpha-carbons in the dimer). Most importantly,
however, it revealed the position of U74 in a specific binding
pocket adjacent to the catalytic site (Figure 5A). An omit map
of the electron density corresponding to U74 is shown in Fig-
ure 5B. Nucleotides 75 and 76 were not observed, suggesting
they are not tightly bound. This is the first structure of RNase Z
in complex with a precursor tRNA molecule.
The residues in contact with U74 are primarily found in helix a2
of the subunit that binds the bulk of the tRNA, while the active site
residues are provided by the symmetrical subunit. Both the side-
chain oxygen of the serine 78 hydroxyl group and the main chain
oxygen of glycine 74 are potential hydrogen bond acceptors of
the N3 hydrogen of uracil (3.1 A˚ and 3.5 A˚, respectively), while
the main chain oxygen of glycine 77 can form an interaction
with the O2 moiety of U74 (3.0 A˚) (Figures 5C and S3C). The
side-chain amino group of glutamine 43 in helix a1 is a potential
hydrogen bond donor to the O4 of uracil (3.5 A˚), while its side-
chain oxygen can accept a hydrogen bond from the serine 78
hydroxyl group (2.8 A˚).
Confirmation of Roles of Ser78 and Gln43 in Uracil
Recognition
We made mutations in each of the four residues, Gln43, Gly74,
Gly77, and Ser78 to determine their roles in accommodatingAll rights reserved
Table 1. Data Collection, Processing, and Refinement Statistics
Data Collection and Processing
Beamline Proxima-1, Soleil
Wavelength (A˚) 0.98
Detector ADSC
Temperature of the data collection (K) 100
Crystal-to-detector distance (mm) 377.63
Rotation range per image () 0.5
Total rotation range () 180
Exposure time per image (s) 0.5
Resolution range (A˚) 43.31–2.98 (3.16–2.98)
Space group C2
Unit-cell parameters a, b, c (A˚) a = 174.08, b = 42.55,
c = 110.89, b = 127.18
Mosaicity () 0.35
Total number of measured
intensities
48,657 (7,371)
Unique reflections 13,408 (2,032)
Multiplicity 6.6 (6.6)
Mean I/s(I) 10.71 (2.06)
Completeness (%) 97.9 (94.6)
Rmerge-F (%) 17.9 (97.6)
Rmeas(%) 11.0 (71.5)
Overall B factor from Wilson plot (A˚2) 63.12
Refinement Statistics
Number of nonhydrogen atoms
(protein/water/nucleic acid/other)
3,618 (2,400/32/1,173/13)
Resolution range (A˚) 43.3–3.0
R/Rfree (%) 0.2314–0.2577
Rmsd bonds (A˚)/angles () 0.007/1.06
Average B value-all (A˚2) (protein/
water/nucleic acid/other)
82.62 (66.62/53.84/
115.86/105.93)
Numbers in parentheses correspond to the values in the highest resolu-
tion shell. Rmeas = ShSi jhIih – Ih,ij /ShSi Ih,i, where hIih is the mean intensity
for reflection Ih, and Ih,i is the intensity of an individual measurement of
reflection Ih. See also Figure S1.
Figure 5. The Uracil Binding Pocket of RNase Z
(A) Structure of RNase Z bound to tRNA substrate.
(B) Stereo surface view of uracil binding pocket. The RNase Z subunit con-
taining the active site is shown in blue, with Zn ions as red spheres. The subunit
that binds most of the tRNA and provides the uracil binding pocket is shown in
green.
(C) Omit map (Fo-Fc) of electron density corresponding to U74 at 2.5 s above
the mean.
(D) Amino acid residues interacting with U74. Potential interactions are shown
as dotted lines (see text). See also Figure S4.
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B. subtilis RNase Z Activated by Downstream UracilU74 in the binding pocket. Ser78 and Gln43 were changed to
alanine, and the two glycine residues 74 and 77 were changed
to proline in an attempt to change the position or orientation of
their backbone oxygen groups. The Q43A and S78A mutations
resulted in 6- and 13-fold reductions, respectively, in the activity
of RNase Z on the 74UAA76 substrate, but had little effect on
cleavage of the trnI-Thr precursor with a CAA motif, confirming
their role in U74 recognition (Figure 6). The two glycine-to-proline
mutations had more minor effects, with one (G74P) showing
about a 2-fold decreased activity, while the other (G77P) showed
an increased activity of similar magnitude on the 74UAA76
precursor. However, both of these mutations had similar effects
on the 74CAA76 containing precursor, which suggests they were
not specific for uracil. Thus, the principal contributors to U74
recognition are Ser78 and Gln43. We combined these two muta-
tions to determine whether their effects were cumulative. The
Q43A/S78A double mutant form of RNase Z showed an almost
complete lack of stimulation by U74 (100-fold reduced activityStructure 20, 1769–1on 74UAA76 compared to 74CAA76), confirming the key role of
these two residues as independent ligands of uracil.
DISCUSSION
Here, we have shown that, unlike eukaryotic forms of RNase Z
for which the CCA motif is an antideterminant, the selectivity of
the B. subtilis enzyme for CCA-less tRNA precursors over777, October 10, 2012 ª2012 Elsevier Ltd All rights reserved 1773
Figure 6. Identification of Residues
Involved in Uracil Recognition
(A) Assay of RNase Z mutants altered in residues
making uracil contacts on 74UAA76 or 74CAA76
containing trnI-Thr precursors. Mutations are
indicated above the autoradiogram. The precursor
(pre) and cleaved species (scissors symbol) are
indicated to the right of the autoradiogram. The
white triangle indicates increasing amounts of
RNase Z (Z), with 0.001, 0.01, 0.1, and 1 mg added
per 5 ml reaction.
(B) Histogram showing quantification of at least
two assays like that shown in (A). Specific activi-
ties were first calculated at the lowest concentra-
tion of RNase Z yielding a visible (nucleotide 73)
product and were then normalized to the value for
the 74CAA76 tRNA precursor for each mutant. SD
are shown. See also Figure S3.
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B. subtilis RNase Z Activated by Downstream UracilCCA-containing precursors or mature tRNAs relies on stimula-
tion by a naturally occurring uracil residue downstream of the
cleavage site. The uracil activation mechanism appears to rely
on the unique ability of uracil to form a productive interaction
with the side chains of Ser78 and Gln43. Cytosine differs from
uracil in the two key positions, N3 andO4, that interact with these
amino acids; cytosine has an amino group instead of O4 and its
N3 acts as a hydrogen bond acceptor rather than donor. The
purine bases, adenine and guanine, are likely to be too large to
fit in the pocket in the correct orientation for a productive interac-
tion with Ser78 and Gln43.
It is not clear how the interaction with uracil is translated to
increased catalytic efficiency. Many of the residues involved in
contacting U74 are located at the C-terminal end of helix a2
(Figure 7). Intriguingly, the signature histidine motif involved in
cleavage of the symmetrical tRNA molecule in the dimer is
located close to the N-terminal end of the same a-helix. Thus,
the binding of U74 to theU-pocket of one RNase Z subunit could,
in theory, either activate its own cleavage (cis-activation) or that
of a tRNA precursor bound to the adjacent subunit (trans-activa-
tion), through an allosteric effect transmitted via helix a2. Super-
imposing the structures of the precursor and product complexes
did not reveal any major changes in the positions of the key cata-
lytic residues of either subunit, however (Figures 7 and S2). Thus,
if uracil binding provokes a conformational change in either
active site, this movement is very subtle. A second possibility
to be considered is that the binding of U74 stabilizes the 30 end
of the tRNA, which may otherwise have too much liberty of
movement for the correct and efficient positioning of the scissile
phosphodiester bond in the catalytic site. The fact that nucleo-
tides 75 and 76 were not observed in the crystal structure is
consistent with this model.
It is interesting to compare the uracil binding site of RNase Z
to that of other uracil specific enzymes. The structures of four
uracil binding enzymes are available in the Protein Data Bank
(PDB): RNase A (6RSA); the SMUG1 uracil DNA glycosylase1774 Structure 20, 1769–1777, October 10, 2012 ª2012 Elsevier Ltd All rights reserved(1OE5); the UraA uracil transporter
(3QE7); and UPRTase (1BD4), a uracil
phosphoribosyl transferase (Borah et al.,
1985; Lu et al., 2011; Schumacher et al.,1998; Wibley et al., 2003). The key residues involved in U-recog-
nition for these proteins are shown in Figure S3. Interestingly, no
two enzymes use exactly the same mechanism, although three
of them, RNase A, UPRTase, and SMUG1, use an intermediate
water molecule to hydrogen bond to the O4 group of uracil. At
the current resolution, we cannot rule out a similar role for water
in RNase Z specificity for U74.
The bias for a U-residue in position 74 of CCA-less tRNA
precursors seen in B. subtilis is highly conserved among other
Firmicutes (Table S1), suggesting that the stimulation of RNase
Z by uracil could also occur in these organisms. In Clostridium
difficile and Listeria innocua, a large proportion of tRNA pre-
cursors also have the 74CU75 configuration; indeed this is
the predominant precursor type among CCA-less tRNAs in
C. difficile. A similar bias for U74 or 74CU75 exists in the Archaea.
RNase Z is absent from most Proteobacteria (Escherichia coli
and Salmonella are notable exceptions) but is well represented
in most other bacterial clades. The uracil bias downstream of
CCA-less tRNAs is not conserved in these genomes, how-
ever, suggesting that regulation of RNase Z activity by down-
stream sequences is different. Indeed, the Thermatoga maritima
enzyme has been shown to be capable of cleaving both down-
stream of discriminator nucleotide (for its single CCA-less tRNA
precursor) and downstream of the CCA motif for all of the other
tRNAs (Minagawa et al., 2004). It is not clear why E. coli and
Salmonella have RNase Z, because all of the tRNAs in these
organisms have a chromosomally encoded CCA motif. The
E. coli enzyme does play an important role in the maturation of
bacteriophage T4 tRNAs, all of which lack an encoded CCA.
Although the structure of this enzyme shows the potential pres-
ence of a nucleotide binding pocket (see below), only three of
the eight T4-encoded tRNAs have a U74 or 74CU75 configuration
(Table S1).
Three other confirmed short-form RNase Z structures are
available in the PDB, those from E. coli, T. maritima, and humans
(ELAC1). None of these organisms have a strong bias for a
Figure 7. Superposition of Catalytic Core of RNase Z Bound to
Precursor and Product tRNAs
The two RNase Z subunits are shown in blue and green; nucleotides in yellow;
Zn ions in red. The structure of RNase Z bound to the tRNA product (2FK6) and
lacking U74 is shown in gray. Helix a2 and key catalytic residues are labeled.
N- and C-terminal residues are shown. Hydrogen bonds are shown as dotted
lines. The rmsd for the side chains of the key catalytic residues (D37, H63, D67,
H68, H140, D211, E231, H247, and H269) is 0.4 ± 0.2 A˚ and the rmsd for the
alpha-carbons for the whole region shown (D37 to Q82 plus catalytic residues)
is also 0.4 ± 0.2 A˚, showing no major structural rearrangements occur upon
U74 binding. For conservation of amino acids involved in U74 binding in RNase
Z from other organisms, see Table S2. See also Figure S2.
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B. subtilis RNase Z Activated by Downstream UracilU-residue downstream of their tRNAs (human tRNA precursors
have a roughly equal distribution of the four bases in position
74). We examined these enzymes for the conservation of the
key residues involved in uracil recognition and whether a poten-
tial U-pocket was present in the three-dimensional (3D) struc-
tures. Intriguingly, the equivalent residues of Gln43 and Gly74
are conserved in both human and E. coli RNase Z, while Ser78
is replaced by a functionally similar threonine in humans, and
Gly77 is replaced by a cysteine in both organisms (Table S2).
Both of these enzymes appear to have a potential uracil binding
pocket in their 3D structure; but they cannot fully accommodate
the nucleotide in their current conformations due to steric
clashes (Figure S4). The T. maritima enzyme is clearly very dif-
ferent, only Gly74 is conserved, and the U-pocket is not present.
Interestingly, mutation of Ser31 to Gln in T. maritima RNase Z, to
matchmost other RNase Z enzymes, has been shown to change
the cleavage site selection 2 nt closer to the discriminator posi-
tion (Minagawa et al., 2004).
The 74CUA76 and 74CAU76 containing precursor variants of
trnI-Thr were both processed more efficiently than the 74CAA76
substrate, showing that uracil can also stimulate tRNA matura-
tion, albeit with decreasing efficiency, in positions 75 and 76.
In these cases, processing primarily occurred in a two-step
processwith endonucleolytic cleavage 50 to the first downstream
U-residue, and 30–50 exonucleolytic trimming of the remaining
nucleotides to yield a tRNA product ending at the discriminator
nucleotide 73. Figure 4 suggests that both steps decrease in effi-
ciency with distance from the 30 end of the tRNA. Evidence for
endonucleolytic cleavage at the U-residue in position 78 wasStructure 20, 1769–1seen with the 74CAA76 precursor at the highest concentrations
of enzyme, for example (Figure 4A). Thus, weak cleavage can
occur at U-residues quite far from the discriminator nucleotide.
In this case, however, hardly any mononucleotide product (Fig-
ure 4B) or mature tRNA (Figure 1B) is produced by the exonu-
clease activity, compared to say the 74CAU76 tRNA precursor.
Lastly, it should be noted that, consistent with the role of
Gln43 and Ser78 in uracil recognition, no cleavage of the
74CAA76 precursor was seen at position 78 with the Q43A and
S78A mutants (Figure 6B).
The recognition of uracil residues in position 74 and 75 by
RNase Z could also serve to repair damaged tRNAs that have
suffered deamination of cytidine to uracil. Spontaneous deami-
nation of single stranded cytidines can occur frequently in vivo
(Becker et al., 1967; Ebhardt et al., 2009). RNase Z could cleave
these damaged tRNAs in the same way as tRNA precursors
bearing uracil in position 74 or 75, and the subsequent activity
of the CCA-adding enzyme would restore these tRNAs to func-
tional molecules (Lizano et al., 2008).
EXPERIMENTAL PROCEDURES
Purification and Assay of RNase Z
Precursor trnI-Thr tRNA species were transcribed in vitro using PCR
templates. The upper primer (HP560) for template synthesis contained the
T7 RNA polymerase promoter, and the downstream primers were (Table
S3): HP612 (74UAA76); HP568 (74CAA76); CC905 (74GAA76); CC906 (74AAA76);
HP567 (74UCA76); CC937 (74CUA76); and CC1024 (74CAU76). PCR templates
for trnI-Thr precursors were amplified from plasmid pHMT1 (Luo, 1998).
Although the templates are longer, transcription by T7 RNA polymerase termi-
nates naturally 6 nt downstream of the trnI-Thr tRNA. In vitro transcription
reactions were performed using Promega T7 RNA polymerase and a-32P-
UTP according to manufacturer’s instructions.
Transfer RNA precursors bearing a single labeled nucleotide 74 were
synthesized as follows. Unlabeled 74UAA76 tRNA was made using an Ambion
MegaShortScript kit according to themanufacturer’s instructions. Eight micro-
grams of tRNA precursor were incubated with 80 ng RNase Z for 1 hr at 37C,
and the 30 cleavage product was largely removed by G50 spin column (GE
Healthcare). The cleaved tRNAwas phenol extracted and ethanol precipitated.
RNA oligos CCR25 to CCR28 (Table S3), purchased from Dharmacon/Thermo
Scientific, were 50 labeled with T4 polynucleotide kinase and g-32P-ATP. The
labeled oligos were then ligated to denatured (75C for 4 min) preprocessed
tRNA using RNA ligase (NE Biolabs) in the presence of 10% Dimethylsulfoxide
at 6C overnight. The ligated product was eluted from 5% polyacrylamide gels
and ethanol precipitated.
Mutant forms of RNase Z were constructed by site-directed mutagenesis
using the QuikChange method (Stratagene). Plasmid pET21-Z (Pellegrini
et al., 2003) was used as a template, and oligo nucleotide pairs were (Table
S3): CC742/743 (Q43A); CC744/745 (Q43E); CC943/944 (G74P); CC945/946
(G77P); CC947/948 (S78A); and CC975/976 (G77N). Mutant proteins were
overexpressed and purified from E. coli BL21 CodonPlus cells (Stratagene).
The purification and assay of C-terminal His-tagged RNase Z has been
described previously (Condon et al., 2008; Pellegrini et al., 2003). Gels were
quantified by PhosphorImager. Specific activities were calculated at the
lowest concentration of RNase Z yielding a visible product.
Northern Blots
Northern blots for trnY-Phe precursor tRNAwere performed using oligoCC938
(Table S3) in the RNase Z depleted strain SSB320 as described previously
(Pellegrini et al., 2003).
Crystallography Conditions
TheB. subtilis trnI-Thr tRNAwith a 30 trailer sequence UAA was synthesized by
Dharmacon/Thermo Scientific (4.6 mg final yield). The first nucleotide had a 50
monophosphate group and nucleotides 73–76 were protected by 20 O-Methyl777, October 10, 2012 ª2012 Elsevier Ltd All rights reserved 1775
Structure
B. subtilis RNase Z Activated by Downstream Uracilgroups. Precursor tRNA and RNase Z were mixed in equimolar concentrations
and added to an equal volume of reservoir solution. Crystallization was per-
formed at 293 K by hanging drop vapor diffusion in 28% polyethylene glycol
monomethyl ether 2K, 0.1 M Na-MES pH 6.5 as described previously (Li de
la Sierra-Gallay et al., 2006). X-ray data were collected from cryo-cooled crys-
tals (100 K) using 25%glycerol as cryoprotectant at Soleil Proxima 1 beamline.
The images were integrated with the program XDS (Kabsch, 2010) and pro-
cessed using the CCP4 program suite (Collaborative Computational Project,
Number 4, 1994). The structure was solved by the molecular replacement
method using the program Phaser (McCoy et al., 2007) as implemented in
Phenix (Adams et al., 2010). The atomic coordinates of the RNase Z bound
to tRNA product (PDB code 2FK6) was used as amodel for molecular replace-
ment. Images were produced using PyMol software (DeLano Scientific). The
coordinates and structure factors have been deposited in the Brookhaven
Protein Data Bank (accession number 4GCW).SUPPLEMENTAL INFORMATION
Supplemental Information includes four figures and three tables and can be
found with this article online at http://dx.doi.org/10.1016/j.str.2012.08.002.ACKNOWLEDGMENTS
This work was supported by funds from the CNRS (UPR 9073), Universite´ Paris
VII-Denis Diderot, and the Agence Nationale de la Recherche (subtilRNA2). We
thank Soleil Proxima 1 beamline staff for assistance in data collection. We also
thank Ve´ronique Normand for technical help and members of our laboratories
for helpful discussion.
Received: June 27, 2012
Revised: July 30, 2012
Accepted: August 5, 2012
Published online: August 30, 2012REFERENCES
Adams, P.D., Afonine, P.V., Bunko´czi, G., Chen, V.B., Davis, I.W., Echols, N.,
Headd, J.J., Hung, L.W., Kapral, G.J., Grosse-Kunstleve, R.W., et al. (2010).
PHENIX: a comprehensive Python-based system for macromolecular struc-
ture solution. Acta Crystallogr. D Biol. Crystallogr. 66, 213–221.
Becker, H., LeBlanc, J.C., and Johns, H.E. (1967). The U.V. photochemistry of
cytidylic acid. Photochem. Photobiol. 6, 733–743.
Borah, B., Chen, C.W., Egan, W., Miller, M., Wlodawer, A., and Cohen, J.S.
(1985). Nuclear magnetic resonance and neutron diffraction studies of the
complex of ribonuclease A with uridine vanadate, a transition-state analogue.
Biochemistry 24, 2058–2067.
Ceballos-Cha´vez, M., and Vioque, A. (2005). Sequence-dependent cleavage
site selection by RNase Z from the cyanobacterium Synechocystis sp. PCC
6803. J. Biol. Chem. 280, 33461–33469.
Chen, Y., Beck, A., Davenport, C., Chen, Y., Shattuck, D., and Tavtigian, S.V.
(2005). Characterization of TRZ1, a yeast homolog of the human candidate
prostate cancer susceptibility gene ELAC2 encoding tRNase Z. BMC Mol.
Biol. 6, 12.
Condon, C., Pellegrini, O., Mathy, N., Be´nard, L., Redko, Y., Oussenko, I.A.,
Deikus, G., and Bechhofer, D.H. (2008). Assay of Bacillus subtilis ribonucle-
ases in vitro. Methods Enzymol. 447, 277–308.
Dorle´ans, A., Li de la Sierra-Gallay, I., Piton, J., Zig, L., Gilet, L., Putzer, H., and
Condon, C. (2011). Molecular basis for the recognition and cleavage of RNA by
the bifunctional 50-30 exo/endoribonuclease RNase J. Structure 19, 1252–
1261.
Dutta, T., and Deutscher, M.P. (2009). Catalytic properties of RNase BN/
RNase Z from Escherichia coli: RNase BN is both an exo- and endoribonu-
clease. J. Biol. Chem. 284, 15425–15431.1776 Structure 20, 1769–1777, October 10, 2012 ª2012 Elsevier LtdEbhardt, H.A., Tsang, H.H., Dai, D.C., Liu, Y., Bostan, B., and Fahlman, R.P.
(2009). Meta-analysis of small RNA-sequencing errors reveals ubiquitous
post-transcriptional RNA modifications. Nucleic Acids Res. 37, 2461–2470.
Ezraty, B., Dahlgren, B., and Deutscher, M.P. (2005). The RNase Z homologue
encoded by Escherichia coli elaC gene is RNase BN. J. Biol. Chem. 280,
16542–16545.
Guerrier-Takada, C., Gardiner, K., Marsh, T., Pace, N., and Altman, S. (1983).
The RNA moiety of ribonuclease P is the catalytic subunit of the enzyme. Cell
35, 849–857.
Ho¨lzle, A., Fischer, S., Heyer, R., Schu¨tz, S., Zacharias, M., Walther, P., Allers,
T., and Marchfelder, A. (2008). Maturation of the 5S rRNA 50 end is catalyzed
in vitro by the endonuclease tRNase Z in the archaeon H. volcanii. RNA 14,
928–937.
Holzmann, J., Frank, P., Lo¨ffler, E., Bennett, K.L., Gerner, C., and Rossmanith,
W. (2008). RNase P without RNA: identification and functional reconstitution of
the human mitochondrial tRNA processing enzyme. Cell 135, 462–474.
Ishii, R., Minagawa, A., Takaku, H., Takagi, M., Nashimoto, M., and Yokoyama,
S. (2005). Crystal structure of the tRNA 30 processing endoribonuclease
tRNase Z from Thermotoga maritima. J. Biol. Chem. 280, 14138–14144.
Kabsch, W. (2010). Xds. Acta Crystallogr. D Biol. Crystallogr. 66, 125–132.
Kostelecky, B., Pohl, E., Vogel, A., Schilling, O., andMeyer-Klaucke,W. (2006).
The crystal structure of the zinc phosphodiesterase from Escherichia coli
provides insight into function and cooperativity of tRNase Z-family proteins.
J. Bacteriol. 188, 1607–1614.
Li, Z., and Deutscher, M.P. (1996). Maturation pathways for E. coli tRNA
precursors: a random multienzyme process in vivo. Cell 86, 503–512.
Li de la Sierra-Gallay, I., Pellegrini, O., and Condon, C. (2005). Structural basis
for substrate binding, cleavage and allostery in the tRNA maturase RNase Z.
Nature 433, 657–661.
Li de la Sierra-Gallay, I., Mathy, N., Pellegrini, O., and Condon, C. (2006).
Structure of the ubiquitous 30 processing enzyme RNase Z bound to transfer
RNA. Nat. Struct. Mol. Biol. 13, 376–377.
Lizano, E., Scheibe, M., Rammelt, C., Betat, H., andMo¨rl, M. (2008). A compar-
ative analysis of CCA-adding enzymes from human and E. coli: differences in
CCA addition and tRNA 30-end repair. Biochimie 90, 762–772.
Lu, F., Li, S., Jiang, Y., Jiang, J., Fan, H., Lu, G., Deng, D., Dang, S., Zhang, X.,
Wang, J., and Yan, N. (2011). Structure and mechanism of the uracil trans-
porter UraA. Nature 472, 243–246.
Luo, D. (1998). The threonyl- and valyl-tRNA synthetases of Bacillus subtilis:
studies on the regulation of their expression and the structure of their leader
regions. PhD thesis, Universite´ de Paris XI, Orsay, France.
McCoy, A.J., Grosse-Kunstleve, R.W., Adams, P.D., Winn, M.D., Storoni, L.C.,
and Read, R.J. (2007). Phaser crystallographic software. J. Appl. Cryst. 40,
658–674.
Minagawa, A., Takaku, H., Takagi, M., and Nashimoto, M. (2004). A novel en-
donucleolytic mechanism to generate the CCA 30 termini of tRNA molecules in
Thermotoga maritima. J. Biol. Chem. 279, 15688–15697.
Mohan, A., Whyte, S., Wang, X., Nashimoto, M., and Levinger, L. (1999). The 30
end CCA of mature tRNA is an antideterminant for eukaryotic 30-tRNase. RNA
5, 245–256.
Nashimoto, M. (1997). Distribution of both lengths and 50 terminal nucleotides
of mammalian pre-tRNA 30 trailers reflects properties of 30 processing endor-
ibonuclease. Nucleic Acids Res. 25, 1148–1154.
Pellegrini, O., Nezzar, J., Marchfelder, A., Putzer, H., and Condon, C. (2003).
Endonucleolytic processing of CCA-less tRNA precursors by RNase Z in
Bacillus subtilis. EMBO J. 22, 4534–4543.
Schiffer, S., Ro¨sch, S., and Marchfelder, A. (2002). Assigning a function to
a conserved group of proteins: the tRNA 30-processing enzymes. EMBO J.
21, 2769–2777.
Schumacher, M.A., Carter, D., Scott, D.M., Roos, D.S., Ullman, B., and
Brennan, R.G. (1998). Crystal structures of Toxoplasma gondii uracil phos-
phoribosyltransferase reveal the atomic basis of pyrimidine discrimination
and prodrug binding. EMBO J. 17, 3219–3232.All rights reserved
Structure
B. subtilis RNase Z Activated by Downstream UracilTavtigian, S.V., Simard, J., Teng, D.H., Abtin, V., Baumgard, M., Beck, A.,
Camp, N.J., Carillo, A.R., Chen, Y., Dayananth, P., et al. (2001). A candidate
prostate cancer susceptibility gene at chromosome 17p. Nat. Genet. 27,
172–180.
Wen, T., Oussenko, I.A., Pellegrini, O., Bechhofer, D.H., and Condon, C.
(2005). Ribonuclease PH plays a major role in the exonucleolytic maturationStructure 20, 1769–1of CCA-containing tRNA precursors in Bacillus subtilis. Nucleic Acids Res.
33, 3636–3643.
Wibley, J.E., Waters, T.R., Haushalter, K., Verdine, G.L., and Pearl, L.H. (2003).
Structure and specificity of the vertebrate anti-mutator uracil-DNA glycosylase
SMUG1. Mol. Cell 11, 1647–1659.777, October 10, 2012 ª2012 Elsevier Ltd All rights reserved 1777
